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ABSTRACT 
Activity of myofibrillar  adcnosinetriphosphatase  was  demonstrated  histochemically  at  a 
fine structural  level in isolated,  unfixed  or hydroxyadipaldehyde-fixed  cardiac  myofibrils 
in the rat, using a  lead precipitation technique and either Ca  ++ or Mg  ++ as activating ion. 
Activity in  relaxed  myofibrils was found  in  the  A  band,  but  not  the  H,  I,  or  Z  bands. 
Deposits of final product frequently exhibited an axial periodicity of near 365 A, and bore a 
close relationship to filaments within the A  band.  Several patterns  of distribution occurred 
in contracted  myofibrils.  In myofibrils which had shortened  to the point of disappearance 
of  the  I  band,  final  product  was  distributed  throughout  the  sarcomerc,  except  for  the 
unreactive Z  band.  A  second type of distribution occurred in strongly contracted fibers in 
which  there was  intensification  of activity in  the center of the sarcomerc.  These  findings 
are discussed in the light of the recent morphological  evidence and it is suggested  that the 
distribution of final product is consistent with localization of enzyme activity to the cross- 
bridges between the thick and thin filaments. 
Within  the  past  few years,  application  of refined 
morphological  techniques  to  the study  of striated 
muscle  has  led  to  new  insights  into  the  detailed 
structure of the myofibril. At a fine structural level 
two  filament  types,  partially  overlapping  in  the 
relaxed state, have been resolved in the myofibril: 
a  "thin" filament extending from the Z line to the 
boundary  of the H  zone,  and  a  "thick"  filament 
extending from the A-I junction through the A and 
H  zones  (1-3).  Characteristic  properties  of  the 
main  myofibrillar  proteins,  including  their  bire- 
fringence  (4,  5),  mass  (6),  solubility  (I,  6)  and 
antigenicity  (7,  8),  have  been  used  to  localize 
them microscopically in the sareomere,  and, from 
these  results,  it  has  been  inferred  that  actin  is 
located  in  the  thin  filaments  while  myosin  is 
present in the thick filaments. 
The present report is concerned with the histo- 
chemical  localization  of  adenosinetriphosphatase 
(ATPase)  activity of the myofibril at a  fine struc- 
turaT  level.  Because  of  the  known  association  of 
ATPase activity with the H-meromyosin fragment 
(9),  localization of activity  may  be  taken  as  an 
indication of the presence of H-meromyosin,  sub- 
ject to  the  limitation  that  only  those  sites  of the 
protein which are free for enzymatic activity can 
be  so  demonstrated.  In  addition,  because  of the 
relation between activity of the enzyme and  con- 
traction (10,  11),  correlation of the sites of activity 
in relaxed vs.  contracted fibrils should  add  to the 
understanding  of the events occurring in contrac- 
tion of the myofibril. 
MATERIALS  AND  METHODS 
In  preliminary  experiments,  a  variety  of  striated 
muscle  preparations  was  surveyed  for  possible  use- 
401 fulness.  These  included:  small  (1  mm  3)  unfixed 
blocks,  small  blocks  briefly  fixed  in  1  per  cent 
buffered osmium tetroxide  or  10  per  cent  formalin, 
unfixed  frozen  sections,  unfixed  muscle  briefly 
blendorized  to  yield  fragments  of fiber  dimensions, 
and  fresh,  washed  myofibrils.  Although  enzymatic 
activity  could  be  obtained  in  all  preparations  of 
unfixed  muscle,  isolated  myofibrils were  selected  as 
the  test  object  of choice.  With  these,  relaxed  fibrils 
could  be regularly obtained  in control  preparations, 
and  ATPase  activity  and/or  contraction  could  be 
regularly  induced  by  appropriate  incubation  with 
adenosinetriphosphate  (ATP)  and  activating  ions. 
When it later became apparent that enzyme activity 
would  withstand  brief fixation  in  hydroxyadipalde- 
hyde  (12),  fixed  preparations  were  included  to 
provide a  further check on the localization of activity 
in relaxed and contracted myofibrils. 
In  the  final  experiments myofibrils  isolated  from 
rat  cardiac  muscle  were  prepared  using  a  slight 
modification  of  Perry's  technique  (13).  Rat  hearts 
were minced in an ice-cold solution containing 0.04 M 
sodium  borate,  0.025  M  KC1  and  0.4  M  sucrose 
adjusted to pH 7.1  with dilute HC1. The muscle was 
then blendorized for 35 seconds in fresh, cold medium, 
sedimented at 600g for 20 minutes and the blendoriza- 
tion  step  was  repeated  in  fresh  medium.  After 
sedimentation,  the  fibrils  were  again  suspended  in 
fresh  medium  and  resedimented,  and  this  washing 
step  was  repeated  four  to  six  times.  All  of  these 
operations  were  carried  out  at  I°C.  Alternatively, 
0.5 cm  3 blocks of cardiac muscle were fixed for 1 hour 
in  ice-cold  6.5  per  cent  hydroxyadipaldehyde, 
adjusted to pH 7.2 with 0.05 M cacodylate buffer and 
containing  0.4  M  sucrose,  washed,  blendorized  60 
seconds, and  sedimented in  buffer.  In  both  of these 
preparations  the  myofibril  pellets  were  finally 
suspended in a  5 ml volume of fresh isolation medium, 
and a  few drops of this thick suspension were  added 
to the incubating medium. 
The basic incubating medium was prepared  as an 
aqueous  solution  containing  0.0025  ~  ATP,  0.04 
CaCI2  or  0.05  M  MgC12,  and  0.005  M  Pb(NO3)2. 
After  the  pH  had  been  adjusted  to  6.5  with  dilute 
NaOH  the turbid solution was filtered and the clear 
filtrate  used  for  incubation.  Analysis  of the  filtrate 
for ATP gave values of 3 to 4  X  10  -4 M. This medium 
was  arrived  at  after  a  series  of preliminary  experi- 
ments in  which the concentrations  of the  substrate, 
reagent, and activating ions were varied.  In addition, 
the  pH  of the  incubating  medium was  varied  from 
6.0 to  7.5 and the effects of addition  of a  number of 
dilute  (0.05 u)  buffers were studied at pH  6.5. 
The  effects  of  other  variants  of  the  incubating 
FIGURE  1 
Unfixed  isolated  myofibrils  incubated  without  substrata  in  the  medium  containing 
Ca ++ and Pb  ++. Within the myofibriis Z lines (Z) are clearly visible, but the filamentous 
structure  of the  adjacent  I  bands  (I)  has  largely  been  lost.  Filaments,  clearly  seen 
within the A  band  (A) and H  bands (H), contain no final product indicating that lead 
is not non-specifically deposited.  Tags of membranous material,  presumably derived 
from sarcoplasmic reticulum  (s r), adhere to the fibrils.  X  24,000. 
FIGURE 
Unfixed isolated myofibrils incubated with AMP  and Pb ++ in the medium containing 
Ca  ++. No deposition of final product is seen. At the right of the figure several severely 
disrupted mitochondria  (M)  appear.  Such mitochondria were found within groups of 
myofibrils  but  were  virtually  absent  in  single  isolated  myofibrils.  Sarcomere  length 
1.93 p.  X  26,000. 
FIGURE  3 
Unfixed  myofibril  incubated  in  the  Ca  ++  and  Pb  ++  medium  containing  thiamine 
pyrophosphate  as substrate resulting in no reaction.  The filamentous structure of the 
I  band is relatively well preserved and is bisected by a  narrow N  line  (arrow).  Sarco- 
mere length 2.1  ~.  X  18,000. 
FIGURE  4 
Unfixed myofibrils preincubated for 30 minutes with 0.1 M N-ethyl-maleimide, followed 
by incubation in the medium containing ATP, Mg  ++ and Pb ++.  No reaction product 
is seen in this slightly shortened group of myofibrils, which appear comparatively well 
preserved.  M  band  and  H  zones are  clearly  depicted  but  I  bands  are  narrow.  Bits 
and pieces of sarcoplasmic reticulum adhere to the edges of the myofibrils.  X  22,000. 
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microscopy  using  unfixed  myofibrils.  The  fibrils 
were  incubated  with  either  Ca  ++  or  Mg  ++,  and 
Pb  ++,  but  no  ATP,  with  ATP  and  Pb  ++  but  no 
Ca  ++ or Mg  ++, and with ATP and Ca  ++ or Mg  ++ but 
without Pb  ++.  The concentrations of Ca  ++ and Mg  ++ 
added  were  also  varied  from  0.005  to  0.05  ~.  In 
control  experiments,  adenoslnemonophosphate 
(AMP), adenosinediphosphate (ADP), inosinediphos- 
phate  (IDP),  inosinetriphosphate  (ITP),  ~3-glycero- 
phosphate and thiamine pyrophosphate were used to 
replace  ATP  as  substrate  at  the  same  or  higher 
concentrations  (0.0025  to  0.005  M).  The  effects  of 
preincubation  with  N-ethyl-malelmide  (NEM) 
(0.1  M)  for  1  hour  at  pH  7.4,  or preincubation for 
the  same  period of time  with  Cu  +++  (10  -3  M)  were 
assayed  for  inhibitory  effects on  the  Mg-activated 
enzyme. 
Fibrils prepared after fixation in hydroxyadipalde- 
hyde  were  incubated  in  the  medium  containing 
ATP,  Ca  ++,  and  Pb  ++,  in  the  medium  containing 
ATP, Mg  ++,  and Pb  ++, without ATP in the presence 
of Pb  ++,  and Ca  ++,  and with ADP, Ca  ++,  and Pb  ++. 
After incubation  for 30  to 40 minutes the myofibrils 
were sedimented at 5000g  for 30 minutes. The pellet 
thus formed was cut  into  small  pieces  (1  mm  3)  and 
postfixed  at  4°C  in  1  per  cent  buffered  osmium 
tetroxide  containing  sucrose  (14)  for  1  to  2  hours. 
The  tissue  was  then  dehydrated  in  increasing  con- 
centrations of ethanol and imbedded in methacrylate 
or in Epon  (15). Thin sections were cut on a  Porter- 
Blum microtome, mounted on carbon- and formvar- 
coated  grids,  and  viewed  with  an  RCA  EMU  3 F 
electron microscope. 
Light  microscope  controls  were  carried  out  in 
either  of two  ways.  Histochemicaily  reacted  fibrils 
could  be  smeared  on  albuminized  slides,  dried, 
washed,  and  treated  with  dilute  ammonium  sulfide 
to convert precipitated lead phosphate to black lead 
sulfide. It was frequently more expedient, however, to 
monitor the histochemical reaction by putting a  drop 
of  the  suspension  of  myofibrils  and  incubating 
medium  on  a  slide  and  observing it  with  an  inter- 
ference microscope.  In  this  way,  both  the  morpho- 
logical  state  of the  myofibrils  and  the  location  and 
intensity  of  the  reaction  could  easily  be  observed 
prior to electron microscope studies. 
RESULTS 
The  pellets  obtained  in  these  preparations  con- 
sisted  largely  of  single  myofibrils  and  loosely 
attached  groups  of  myofibrils.  In  thin  sections, 
fibrils were  often  seen which  were  ten  to  twenty 
sarcomeres in length. Occasional intercalated discs 
were  encountered.  The  fibrils,  which were some- 
FIGURE  5 
Unfixed myofibril incubated in  the medium containing ATP,  Pb  ++  and  Ca  ++.  Fina 
product,  appearing as multiple, irregular,  small  deposits  of electron-opaque material 
is seen throughout the A  band.  No H  zone is visible  (sarcomere length  1.92  ~).  Fila- 
ments cannot be seen within the A  band and therefore the relation of deposits of final 
product  to  the  filaments  cannot  be  determined.  Definite  axial  periodicity  (390  A) 
is  suggested in  the  ordering of the  deposits  (dashes).  A  few tiny  flecks of less dense 
material  appears  within  the  I  band  and  over  the  Z  llne.  In  addition,  a  few  dense 
deposits of final product  are seen in  a  mitochondrion  (M)  outside  the myofibri].  X 
50,000. 
FIGURE  6 
Unfixed myofibrils  incubated  in  the  medium  containing  ATP,  Pb  ++  and  Ca  ++.  In 
these moderately reactive fibrils deposits of final product appear to be closely related 
to the  filaments within the A  band  (A).  A  moderately wide,  unreactlve H  zone  (H) 
is  present  (sarcomere  length  1.85  #).  Filaments  are  not  clearly  visible  within  the  I 
band  (I), which contains little or no final product.  X  41,000. 
FIGURE  7 
Unfixed myofibril  incubated  in  the medium containing  ATP,  Pb  ++  and  Ca  ++.  The 
most striking feature of this rare  example  of a  stretched myofibrll  (sarcomere length 
2.7  #)  is the strikingly widened, unreacfive region  of the mid-sarcomere  (H  zone ?). 
The medial limit of the reactive A  band is irregular and  a  few filaments  containing 
dense product project into the central unreactive zone. Periodicity of product deposition 
(345  A) is retained under conditions of stretch.  X  26,000. 
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fibrils  often  enclosed  somewhat  disrupted  mito- 
chondria as well as swollen and distorted vesicles, 
presumably  derived from sarcoplasmic reticulum. 
A  small quantity  of cellular debris  was  found  at 
the bottom of the pellets, including cell nuclei and 
occasional segments of nearly intact muscle fibers. 
Free mitochondria were very rarely seen. 
Morphologically,  the  untreated,  isolated, 
washed  myofibrils did  not  differ from  previousy 
published  descriptions.  In  control  preparations 
Z,  I, A, M,  and frequently H  bands  were visible. 
Occasionally, N  bands  bisecting the  I  band  were 
also observed. Relaxed fibrils were  1.9 to 2.2 #  in 
length in sections cut reasonably perpendicular to 
the  fibril  axis.  The  morphology  of  contracted 
fibrils  as  seen  in  these  preparations  will  be  dis- 
cussed later. 
The  presence  and  degree of contraction  of the 
myofibrils varied both with their mode of prepara- 
tion and, in the case of unfixed fibrils, with the in- 
cubation medium. Myofibrils prepared from fixed 
muscle were both relaxed and  contracted  regard- 
less  of  the  incubation  procedure.  Unfixed  myo- 
fibrils which had been incubated without ATP, or 
incubated with ATP and Ca  ++, were relaxed. After 
incubation  with  ATP  and  Mg  ++  these  unfixed 
preparations  contained  contracted  fibrils  almost 
exclusively (sarcomere length  1.0 to  1.5 #). 
Deposits of final product were seen in the myo- 
fibrils  after  incubation  with  ATP  or  ITP  in  the 
presence of either Ca  ++ or Mg  ++. No reaction was 
encountered  in  myofibrils  incubated  with  AMP 
(Fig.  2),  IDP,  thiamine  pyrophosphate  (Fig.  3), 
or ~-glycerophosphate  as  substrates.  If the  usual 
substrate,  ATP, was replaced by ADP in the pres- 
ence of either Mg  ++ or Ca  ++,  there were smaller 
deposits  of  final  product  than  after  incubation 
with ATP, but no differences were observed in the 
localization of final product  (Figs.  12 and  13). 
No final product was seen if myofibrils were in- 
cubated  without substrate  (Fig.  1)  or after prein- 
cubation  with  NEM  (Fig.  4)  or  with  Cu  +++. 
Reduction of the concentration of either Ca  ++ or 
Mg  ++ led to a  reduction of activity and virtually 
no  activity was  observed  if activating  ions  were 
omitted from the medium. 
In fixed or unfixed myofibrils in which an I band 
wa~"~till visible, activity was largely confined to the 
A band.  In many myofibrils activity was so intense 
that  it  obscured  the  fine details  of the  filaments 
(Figs. 5 and 9).  In less active fibrils where the re- 
lationship of final product to filamentous structure 
could  be more easily made out,  the small irregu- 
larly  shaped  deposits  appeared  either  superim- 
posed  on  the  filaments  or  lying just  adjacent to 
them (Figs. 6,  10, and  11). 
In addition, definite axial periodicity was often 
suggested  in  the  distribution  of deposits  of final 
product within the A band  (Figs. 5, 7, and 8). The 
presence of such a  periodicity appeared  unrelated 
to sarcomere length (Figs.  7 and 8)  and  the value 
of the period  (365  A, S.D.  4-  20 A)  was  not sig- 
nificantly correlated  with  the measured  length of 
the  sarcomere.  However,  in  obtaining  such  a 
correlation  no  effort  was  made  to  select  fibrils 
uniformly  oriented  with  respect  to  the  cutting 
axis.  In  some  myofibrils,  the  regularity  of  the 
spacing  pattern  was  marred  by  missed  spaces  in 
which  deposits  of final  product  did  not  appear, 
while in many others no periodicity was apparent 
(Fig. 9). 
Under  circumstances  when  an  H  zone  would 
have  been  expected  to  be  present  (sarcomere 
length greater than 2.0 ~) a zone of diminished or 
absent reaction appeared  within the center of the 
sarcomere  (Fig.  6).  Under  conditions  of  stretch 
(sarcomere length greater than 2.2 #)  this unreac- 
tive zone was variably widened (Fig. 7). 
However, when the sarcomere length was about 
1.9  #,  the  histochemically  active  portion  of  the 
sarcomere  extended  from  A-I  junction  to  A-I 
junction without interruption  (Figs.  5,  8,  and  9). 
In  these  myofibrils,  it  was  impossible  to  discern 
whether  an  H  band  was  present  and  active  or 
whether in fact no morphological H  band existed. 
Little final product  appeared  elsewhere outside 
the  A  band  (Figs.  7  to  10)  although  occasional 
minute  flecks of electron opaque  material,  which 
might have been final product,  were found in the 
I  bands  (Figs.  6,  12).  These  deposits  were  more 
frequent  in  highly  reactive  unfixed  myofibrils 
than in fixed material, in which activity tended to 
be  somewhat  reduced.  They  were  minimal  in 
fibrils  exhibiting  reduced  activity. 
In  contracted  myofibrils,  the  distribution  of 
product was seen against a  strikingly altered, and 
much  more  variable,  morphological  frame  of 
reference. When contraction in unfixed myofibrils 
had  progressed  beyond the stage of I  band  disap- 
pearance,  it often presented  a  somewhat unusual 
morphological picture. This may have been due to 
extraction of the myofibril during the preparative 
procedures  and  to  disruption  during  contraction. 
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Muscle  fixed  in  6.5  per  cent  buffered  hydroxyadipaldehyde,  blendorized,  and  incubated  in  the 
medium containing ATP, Pb  ++ and Ca  ++. Sarcomere length 1.64 #.  In this slightly shortened, fixed 
myofibril dense final product,  entirely confined to the A  band, is present with an axial periodicity 
(360 A). The gradient of reactivity from the center of the sarcomere to the A-I junction suggests that 
the myofibril may have been fixed during some phase of the contraction process. Z  bands are indis- 
tinct.  X  37,000. 
FmUR•  9 
Hydroxyadipaldehyde-fixed myofibril obtained under conditions similar to those in Fig. 8. Despite a 
moderately intense reaction in which the deposits are of large sizes no final product is seen in the 
narrow I  band (arrows) or widened Z  band. Sarcomere length 1.7  p.  X  23,000. 
The contracted fibrils observed after fixation with 
hydroxyadipaldehyde resembled the usual picture 
of contraction much more  clearly. 
In  unfixed,  washed  myofibrils,  incubation  in 
solutions  containing  ATP,  Mg  ++,  and  Pb  ++  led 
to  rapid  shortening  as  observed  with  the  inter- 
ference  microscope.  Subsequent  observation  of 
similar material with the electron microscope  re- 
vealed  that  the  myofibrils  in  these  preparations 
fell  into  two  distinct  morphological  patterns.  In 
one, the arrangement of the filaments between the 
Z  lines was quite homogeneous. M  bands were not 
discernible  nor  did  there  appear  to  be  any 
crumpling  or  disarrangement  of filaments in  the 
middle of the sarcomere (Cm formation). At times, 
however,  disarrangement of filaments in the zone 
immediately adjacent to the Z lines (Cz formation) 
was strongly suggested.  In many fibrils presenting 
this morphology,  with the exception of the Z  line 
region,  which  contained  little  final  product,  ac- 
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Unfixed myofibril incubated in the medium containing ADP,  Pb  ++  and  Ca  ++.  Small deposits of 
final product arc distributed throughout the A  band. No H  zone is visible and the I  and Z  bands 
are largely unrcactive. X  28,000. 
FmuaE  13 
Unfixed myofibril incubated in thc mcdlum containing ADP, Pb  ++ and Mg  ++. I-bands have virtually 
disappeared in this myofibril, which contains rathcr sparse accumulations of final product throughout 
the A band. Thc ccntcr of the sarcomerc appears rather reactive and is separated from a secondary 
zone of less intense rcaction near thc Z linc by a comparatively unrcactivc region. Sarcomcrc length 
1.68 ~.  X  31,000. 
I~GUR~ 10 
Hydroxyadipaldchyde-fixed  myofibril incubated in the medium containing ATP-~Ca. 
Within the A band linearly arranged deposits of dense final product appear related to 
much less dense filamentous structurcs. A narrow H  zone is suggested by a  region in 
the center of sarcomere containing relatively fewer deposits of final product.  I  bands 
and Z lines are unreactive. Sarcomer¢ length 1.88 D.  X  38,000. 
FmURE  11 
Oblique  section  through  hydroxyadipaldehydc-fixcd myofibrils  incubated  in  the 
medium containing ATP and Ca  ++.  In this section the close relationship of dcposits 
of final product to  filamentous structures is  particularly  clcarly shown. Not  all  the 
filamcnts exhibit enzymatic activity.  X  39,000. 
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the sarcomere (Fig. 14). In a few, activity was more 
intense near the center of the sarcomere (Figs.  13, 
15).  In such myofibrils a secondary zone of less in- 
tense activity was sometimes seen near the Z  line 
region (Fig.  13)  but again little product appeared 
deposited on the amorphous  Z  line itself. 
In highly active, fresh preparations  many myo- 
fibrils had  a  quite different appearance.  In these, 
shortening  usually  had  progressed  to  sarcomere 
lengths  of 0.9  to  1.3  #  (40  to  65  per cent of rest 
length).  The  usual  pattern  of  striation  in  these 
fibrils had  been replaced  by one in which only a 
widened Z  line persisted  and  in which disruption 
and/or extraction was  apparent  (Fig.  16).  Little 
final  product  was  deposited  on  the  center  of the 
widened  Z  line,  but  not  infrequently  a  zone  of 
product  deposition  again  was  found  at its edges. 
In the middle of the sarcomere a  heavy,  although 
apparently  random,  deposit  of final  product  oc- 
curred  which  obscured  the morphological  details 
(Figs.  15,  16).  In most fibrils a  bulge was also seen 
in  the  mid-sarcomere  region  and  this  was  pre- 
sumed  to  correspond  to  the  C,n  band  (Fig.  16). 
Relatively few filaments were present running be- 
tween Cm and  Cz, and,  again,  these were related 
to occasional deposits of final product. 
In preparations  of fixed muscle, although many 
myofibrils were relaxed, a significant number were 
contracted,  and  these  exhibited  histochemically 
demonstrable  activity in  the  medium  containing 
ATP and Ca  ++ and to a  lesser extent in that con- 
taining ATP and  Mg  ++.  Again in these prepara- 
tions two categories of contracted myofibrils could 
be distinguished.  In the first of these, which corre- 
sponded  in  its  morphology with  the  first  pattern 
described  for  unfixed  material,  M  bands  or  Cm 
bands were not present. Widened regions of density 
corresponding in position to the Z  line were com- 
monly  found.  The  morphological  details  of  this 
widened zone were not clear.  Activity was  found 
rather  uniformly  distributed  throughout  the 
sarcomere with the exception of the region of the 
Z  line  (Fig.  17).  Periodicity  was  not  clearly  ap- 
parent  in  these  specimens,  although  the  linear 
arrangement of deposits of final product suggested 
its close relationship  to the filaments. 
In  a  second  group  of myofibrils,  Z  lines  were 
clearly  visible,  separated  from  a  histochemically 
reactive middle zone by a  wide, rather unreactive 
band  (Figs.  18,  19).  A  slight lateral  bulge was  at 
times visible in the middle of the sarcomere, which 
was occupied by a region in which intense activity 
was  apparent  (Fig.  18). 
Although this picture somewhat resembled that 
seen in relaxed myofibrils, the sarcomere length av- 
eraged  1.3 as opposed to  1.9 to 2.0 #  in the latter. 
Although  wide,  unreactive  regions  appeared  on 
either side of the Z  line in the fixed specimens, no 
unreactive  H  band  was  present.  Yet,  in  relaxed 
fibrils having an  I  band  of corresponding  dimen- 
sions  (Fig.  6),  a  wide  H  band  would  have  been 
expected.  The  border  between  the  reactive  mid- 
region  and  the  lateral  unreactive  region  was  in- 
Unfixed myofibrils incubated in the medium containing ATP, Pb  ++, and Mg  ++. 
FmU~E  14 
Sarcomere length  1.7  p.  No I  and H  bands  are visible in this myofibril. Widening of 
the amorphous  Z line region suggests that C~ formation is beginning. Final product is 
seen  uniformly  distributed  throughout  the  sarcomere  but  is largely absent  from  the 
vicinity of the Z line.  )<  25,000. 
FIGURE  15 
Sarcomere length 1.4/~. Cz formation is somewhat more pronounced  than that shown 
in Fig.  14.  Although deposits of final product may be seen throughout the sarcomere 
outside the Cz, product deposition is much more intense in the center of the sarcomere. 
X  23,000. 
FIGURE  16 
Sarcomere length 1.3 #. This myofibril is a good example of the second type of unfixed, 
contracted myofibril (see text). Two reactive zones are seen, one, in which  the reaction 
is most intense, in the bulging center of the sarcomerc, and the other, much less intense, 
near the Z line.  X  33,000. 
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activity from the central highly reactive zone to the 
unreactive Z band region (Fig. 18). 
In  addition  to  the  myofibrillar  activity  de- 
scribed,  deposits  of final  product  were  found  in 
relation  to  a  few other structures.  Mitochondria, 
when retained  within groups  of myofibrils, some- 
times  contained  large  deposits  of  final  product, 
particularly  after  incubation  with  Mg  ++  as  ac- 
tivating ion. Deposits of final product occasionally 
appeared  related  to  distorted  vesicular structures 
which might have been remnants  of sarcoplasmic 
reticulum. 
DISCUSSION 
The enzyme studied  in these experiments showed 
histochemical activity to ATP and  ITP and,  to a 
lesser extent ADP, but, under these reaction condi- 
tions,  showed  no  activity  to  other  organic  phos- 
phates.  Activity was dependent on the presence of 
free su!fhydryl groups  as well as on the activating 
ion  content  of  the  medium.  These  findings,  to- 
gether with the correlation demonstrated  between 
activity and contraction in the presence of _Mg  ++, 
strongly  suggest  that  histochemlcal  activity  was 
due to myosin ATPase. The reaction observed with 
ADP as substrate  may well be due  to  the persist- 
ence  of myokinase  in  the  myofibrils  (16).  Since 
activity to ADP exhibited  localization parallel  to 
that observed with ATP, it is reasonable to assume 
that ATP,  produced  as  a  result of myokinase  ac- 
tivity, was that being split. Lack of activity to IDP 
is consistent with  the  specificity of myokinase  for 
adenine  nucleotides  (17).  In  preliminary  experi- 
ments we have found partial inhibition of activity 
in  the  ATP-Mg  +÷  medium  when  myofibrils had 
been  preincubated  with  pyridoxal  phosphate, 
which has  been reported  to resemble the relaxing 
factor system in its effects (18). 
Although sulfhydryl-dependent ATPase activity 
in  myofibrils of striated  muscle  has  been demon- 
strated  histochemically  using  calcium  precipita- 
tion  techniques  (19,  20),  application  of methods 
using lead as the precipitating ion has led to con- 
flicting results  (19,  21).  Failures with  these histo- 
chemical methods have been attributed  to enzyme 
inhibition  by  the  capture  reagent  (Pb++),  and 
evidence for  such  a  view has  been  presented,  at 
least in the case of mitochondrial ATPases (19, 22). 
We  therefore  attempted  to  assess,  again  in  pre- 
liminary experiments, the degree to which lead was 
inhibiting enzyme activity under our reaction con- 
ditions.  Both  with  fixed  and  unfixed  muscle,  the 
amount  of phosphate  released  from  ATP  in  the 
presence  of  lead  was  roughly  1/6  that  observed 
without  lead  under  equivalent  conditions,  in 
which the amount of ATP present in the medium 
without  Pb  ++  was  corrected  to  conform  to  that 
found by direct assay in the medium with lead after 
filtration.  Moderate inhibition was observed even 
if  the  amount  of  lead  added  to  the  incubating 
medium was reduced to 0.001  M. 
Partial  inhibition  of  activity  may  be  due  to 
either  or  both  of two  phenomena:  decreased  ac- 
tivlty at all sites, or total loss of activity from some 
sites.  Since lead  presumably  inhibited  activity by 
combination with some enzyme sulfhydryl groups, 
and  since  two  enzyme  sites  have  been  predicted 
Hydroxyadipaldehyde-fixed,  contracted  myofibrils  incubated  in  the  medium  con- 
taining ATP, Pb  ++, and Ca  ++. 
FIGURE 17 
Sarcomere length 1.55/~.  Widening of an unreactive, amorphous region around  the Z 
line is evident.  Elsewhere,  in  the center of the sarcomere,  final product  is uniformly 
distributed.  X  25,000. 
FIGURE 18 
Sarcomere  length  1.45  /z.  Product  is  predominantly  deposited  in  the  center  of the 
sarcomere.  Deposits  of final product  become gradually less  frequent  at  the  edges of 
these reactive regions.  X  34,000. 
FIOURE 19 
Sarcomere length 1.57 #. This fibril presents essentially the same histochemical picture 
as Fig. 18, although in this example the gradation of reaction intensity from the center 
of the sarcomere to the periphery is even more marked.  )<  24,000. 
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activity  (as  demonstrated  chemically)  might find 
expression in a  total loss of activity from some of 
these  fine  structural  locations  (as  demonstrated 
histochemically).  The  latter  type  of inhibition  is 
consistent  with  our  finding  that  the  pattern  of 
periodic  distribution  of  product  was  marred  by 
missed spaces lacking final product. 
An even more important consequence of partial 
inhibition of the enzyme, however, was that good 
histochemical localization of the remaining active 
sites could be more easily obtained.  A  prime con- 
dition for accurate localization, the availability of 
sufficient metal ion at  the active sites to  trap  re- 
leased phosphate,  almost simultaneously would be 
more easily met if the number of phosphate sources 
(e.g.  enzyme sites) were small or if they were acting 
at less than a  maximal rate. Consequently, partial 
inhibition  of the  enzyme  by  the  capture  reagent 
would be expected to result in somewhat improved 
localization.  Since the accumulated  experimental 
evidence  (24)  suggests  the  homogeneity  of  the 
myofibrillar ATPase, the possibility of differential 
inhibition of one of several fibrillar ATPases with 
Pb  ++  is  slight. 
The  distribution  of  activity  obtained  in  these 
experiments may be examined from two points of 
view. The first of these would attempt  to localize 
activity on the strength  of histochemical evidence 
alone, while the second would use the histochemi- 
cal evidence only to confirm or deny the predicted 
location  of ATPase  sites  (3,  23)  within  the  fila- 
ment  hierarchy  of  the  myofibril.  Although  the 
first  position  is  somewhat  more  traditional  in 
histochemistry,  it  is  more  appropriate  for  us  to 
take the option of the second.  In doing so, we are 
aware  that  the fine structural  organization of the 
myofibril has been disputed  by some authors  (24- 
26),  but we regard  the two-filament model (1-3) 
as  that  most  amply  substantiated  by  published 
evidence  (27-30).  By utilizing evidence obtained 
with a variety of techniques for the location of actin 
and  myosin  within  the  myofibril  (1-8),  we  gain 
the distinct histochemical advantage of having an 
internal check on our localization.  From this evi- 
dence  it  is  apparent  that  in  any  experiment  in 
which  adequate  localization is  obtained,  activity 
must be excluded from the Z and I band regions of 
the relaxed myofibril. From this criterion it is ap- 
parent  that  although localization of final product 
in fresh and  fixed relaxed myofibrils was substan- 
tially  the  same,  that  obtained  in  fixed  material 
was  unquestionably  better. 
The pictorial evidence for a  close relation of ac- 
tivity  to  the  filamentous  structures  within  the  A 
band  is  fairly  strong.  But,  since  in  these  experi- 
ments  thin filaments were not resolved as discrete 
structures within the A band, no direct localization 
of final product to either the thick or the thin fila- 
ments was possible. Circumstantial evidence, how- 
ever, may permit us to decide this point.  If activity 
were  related  primarily  to  the  thin  filaments,  we 
would expect to find it throughout  the  I  band  as 
well  as  the  A  band,  and  "good"  localization  as 
defined above would not be obtained. Virtually no 
I  band  activity occurred  and  its  appearance  did 
not depend on either the fibril preparation  or the 
incubating medium. If activity were related to the 
body of the thick filaments, we would expect it to 
appear  throughout  the A  band  region and  also in 
the H  band.  If an H  band was present,  it was in- 
active.  Therefore,  either  the  proximity  of  both 
thick and  thin filaments was required for activity 
to be manifest, or some structure unique to the A 
band  but absent from the H  zone was  the active 
site. The cross-bridges of the thick filaments would 
meet  this  requirement. 
Several additional  points  may  be submitted  as 
evidence for  localization of activity to  the  cross- 
bridges. The deposition of product just adjacent to 
filamentous structures  within the A  band,  as well 
as  the  frequent  periodic  distribution  of product, 
fits well with what would be predicted on the basis 
of cross-bridge localization. Similarly, the shift, or 
addition, of active sites toward the M  line in early 
shortening is in good agreement with the morpho- 
logical changes in cross-bridge sites in this situation 
(3).  Since, under our circumstances of Ca-activa- 
tion,  both myosin and  actomyosin ATPase would 
show  activity  (31),  it is  probable  that  the  thick 
filaments  in  the  H  zone  would  be  related  to 
deposits of final product  if they had  the requisite 
enzyme sites. 
It should  be emphasized  that  other attempts  to 
specifically  label  parts  of  this  contractile  system 
have yielded quite different results.  In fluorescent 
antibody  studies  in  which  antibodies  against 
actin,  myosin,  and  L-,  and  H-meromyosin  were 
studied in chicken breast muscle (32),  localization 
of  H-meromyosin  antibodies  were  found  in  the 
H  zone as well as in the A  band  itself, or, in con- 
tracted  fibrils,  in  the  Cm  band.  We  have  no  ex- 
planation  to  offer for  the  discrepancy  in  results. 
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criticism  that  we  can  demonstrate  only  activity 
and not the presence of potentially enzyme-active 
sites.  However,  as  Tunik  et  al.  pointed  out  (32), 
their results may also be criticized on the grounds 
that  both  their  actin  antibody  and  the  H-mero- 
myosin  antibody,  which  contained  a  cross-react- 
ing  component,  stained  the  H  zone,  which  itself 
might have contained a unique antigen. 
In contracted myofibrils the morphological and 
histochemical  changes  observed  appeared  to  fall 
into two patterns.  One of these patterns was quite 
similar  in  both  fixed  and  unfixed  material,  and 
appeared  to  represent  a  state  of  contraction  in 
which both  H  and  I  bands had  disappeared  and 
where Cz formation had begun. The distribution of 
product at this stage tended to be uniform through- 
out the sarcomere with the exception of the region 
around  the  Z  line,  in  which  product  deposition 
was reduced. If anything, more deposits of product 
were found  in  the  middle of the sarcomere  than 
elsewhere,  although  there  was  no  morphological 
evidence in these fibrils of Cm formation. 
The  second  morphological  pattern  appeared 
quite  different  in  unfixed  and  fixed  myofibrils. 
Although  both  fibrils  were  shortened,  this  was 
more  apparent  in  the  unfixed  material,  and  in 
both cases there was a  lateral bulging of the mid- 
sarcomere  region.  In  the  case  of  unfixed  myo- 
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